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Pyroelectric current and magnetoelectric coupling measurements on polycrystalline samples of the quadruple
perovskite (LaMn3)Mn4O12 give evidence of ferroelectricity driven by the antiferromagnetic ordering of the
B-site Mn3+ ions at TN,B=78 K with record values of remnant electric polarization up to P=0.56 µC cm−2.
X-ray diffraction measurements indicates an anomalous behavior of the monoclinic β angle at TN,B , which
suggests that P lies in the ac-plane, where the moments are collinear, so we conclude that exchange striction is
the mechanism of spin-driven ferroelectricity. Polarization values ∼3 µC cm−2 are expected in single crystals,
which would open the avenue towards practical multiferroic applications.
In the search for suitable multiferroic materials for applica-
tions, there has been an increasing interest in magnetic ferro-
electrics, where ferroelectricity is induced by a magnetic or-
der. While this mechanism leads to inherently strong magne-
toelectric couplings [1], it turns out that the remnant polariza-
tions hitherto reported in magnetic ferroelectrics are typically
P ∼ 0.1µC cm−2 or smaller, with the exception of the per-
ovskitelike compound TbMnO3, where values ∼ 1µC cm−2
have been reached under high pressures [2]. It is believed that
such small values reflect the weakness of the spin-orbit inter-
action in non-collinear spin structures [3], where the polar-
ization arises from the antisymmetric exchange striction (in-
verse Dzyaloshinskii-Moriya interaction) between neighbour-
ing i and j spins, i.e. P ∝| si × sj |. The challenge is that
much higher values in the 10 µC cm−2 range are required
for applications. In order to address this issue, the atten-
tion has been drawn to collinear spin structures, where large
P ∝| si · sj |& 1µC cm−2 induced by the stronger symmetric
exchange striction have been predicted [4]. This possibility
is supported by the observation of stronger ferroelectricity in-
duced by a collinear E-structure in the above RMnO3 system
(R rare earth). A further indication of the role of the sym-
metric exchange striction is given by a remarkable enhance-
ment of P up to 0.27 µC cm−2 in single crystalline samples
of another manganese oxide (CaMn3)Mn4O12 [5, 6] (CMO)
characterized by the quadruple perovskite AA′3B4O12 struc-
ture, which contains two distinct A′ and B Mn sites [7]. This
finding triggered a number of studies aiming at understanding
the origin of this enhancement [8, 9], which may foster the
design of multiferroics with even larger P values. However,
in CMO, the polarization is concomitant to a complex inter-
play of an incommensurate helicoidal spin structure and of a
charge and orbital ordering of the Mn3+ and Mn4+ ions [10].
This hampers a comparison between experiment and theory
and to single out the distinct contributions of the symmetric
and antisymmetric exchange terms to the polarization.
In view of the above, model systems, where the above two
contributions to ferroelectricity can be clearly identified and
controlled, would be very useful to elucidate the mechanism
of P enhancement in magnetic multiferroics. Here, we focus
on (LaMn3)Mn4O12[11] (LMO), where similar multiferroic
properties are expected, for CMO shares with CMO a similar
quadruple perovskite AA′3B4O12 structure and similar elec-
tronic properties. Our motivation is that, in spite of these sim-
ilarities, LMO exhibits comparatively simple structural and
electronic properties, namely single-valent Mn3+ character-
istics and a commensurate canted C-type antiferromagnetic
(AFM) order of the B-site Mn3+ ions at TN,B=78 K. Con-
trary to CMO, LMO displays neither charge orderings, nor
incommensurate structural modulations. Its crystal structure
undergoes a cubic Im3 to monoclinic I2/m distortion at 653
K [12] and no further structural phase transitions are observed
down to 3.5 K within the experimental resolution of powder
neutron diffraction [11].
The LMO samples were synthesized under high-pressure as
described elsewhere [11]. The as-prepared samples are cylin-
ders of 4 mm size in both diameter and height. Depending
on the exact temperature and pressure conditions, either pow-
ders or single crystals are obtained. A previous powder neu-
tron diffraction structural study [11] reveals that the samples
are 95 % pure and contain minor LaMnO3 and Mn3O4 im-
purities. In order to unveil the interplay between magnetic
and structural properties, a powder sample was investigated
by means of x-ray diffraction as a function of temperature in a
kappaCCD diffractometer equipped with a liquid He cryostat.
The unit cell parameters were refined using the FullProf pack-
age. The multiferroic properties were investigated by means
of pyrocurrent, Ip, measurements on two 0.2 mm thin disks
of sintered LMO powders of the same batch. The electrodes
were realized by depositing a 0.1µm thick Au layer on both
sides of the disks by magnetron sputtering. The disks were
mounted in a closed-cycle cryogenic system and cooled down
to 100 K. At this temperature, a dc electric field in the 10 -
36 kV cm−1 range was applied by means of a high dc volt-
age source for 30 minutes to ensure the full polarization of the
sample. The samples were subsequently cooled down to 15 K.
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2At this temperature, the electric field was removed and a short-
circuit was applied for 10 minutes to minimize space charge
effects. Finally, Ip was measured upon warming-up the sam-
ples up to 150 K at variable rates of 2 - 5 K min−1. The above
study was complemented by field- and temperature-dependent
specific-heat, C(T,H), measurements on the same powder
samples using the 2τ relaxation method in a PPMS apparatus.
The measurements were carried out in the zero-field cooling
mode by ramping the field, H , up to 9 T at constant tempera-
ture in the 2-60 K range.
In Fig. 1, we show the refined unit cell parameters as a
function of temperature in the 9-300 K range. Within the
experimental resolution, no anomalous behavior is found for
any of these parameters, except for the monoclinic angle, β,
which displays an abrupt increase of slope at TN,B , consistent
with previous powder neutron diffraction data [11]. This indi-
cates a sizable magnetoelastic coupling which tends to stretch
the ac-plane along the diagonal without appreciable change
of unit-cell volume. Pyroelectric current, Ip, measurements
show that this structural distortion is concomitant to the ap-
pearance of ferroelectricity, as shown in Figs. 2 and 3. Fig. 2
shows the temperature dependence of Ip measured at different
heating rates for both positive and negative poling fields of 1
kV mm−1. The data consistently show a pronounced peak of
Ip in the vicinity of TN,B , symmetric with respect to the polar-
ity of the poling field, which gives evidence of ferroelectricity
induced by the AFM ordering of the B-site Mn3+ ions. The
measurement yielded reproducible results for the two different
samples nr. 1 a,d nr. 2 and was extended to high temperatures
in order to rule out the possible contribution of leakage cur-
rents or space charges. For sufficiently low heating rates, the
pyroelectric current vanishes above 100 K, which confirms the
ferroelectric origin of the current. A possible contribution of
thermally activated space charges to the pyroelectric current
occurs only above 120 K. The peak displays a small shift to-
wards high temperatures with increasing heating rate, which
is due to a delay in the sample thermalization upon heating.
In Fig. 3, we show the temperature dependence of the rem-
nant polarization P (T ) obtained by integrating the pyroelec-
tric current curve measured on sample nr. 1 at a heating rate
of 1 K min−1 for three different poling fields of 12, 24 and 36
kV cm−1. As expected, the value of remnant polarization in-
creases with field and a value as high as P = 0.45 µC cm−2 is
reached at the lowest temperature measured of 15 K. The de-
pendence of P on poling field plotted in the inset shows that
the saturation of the polarization has not reached yet. A sim-
ple fit of this dependence using a Langevin function suggests
a saturation polarization as high as P = 0.56 µC cm−2. To
the best of our knowledge, these are record value for magnetic
ferroelectrics, twice as large as the value previously reported
on CMO [5, 6]. Furthermore, as said before, about 6-10 times
larger polarizations are expected in high-quality single crys-
talline film or bulk samples [13]. Hence, in such samples of
LMO, polarizations in the 1-10 µC cm−2 range are expected.
In order to unveil the origin of the magnetic ferroelectricity
observed, we investigated the existence of a magnetoelastic
TN,B TN,A’ 
(LaMn3)Mn4O12 
FIG. 1. Temperature dependence of the unit cell parameters and
of the unit cell volume, V , of the monoclinic crystal structure of
(LaMn3)Mn4O12 powders. Note the sudden increase of the mono-
clinic angle, β, at the AFM ordering temperature of theB-site Mn3+
ions, TN,B=78 K, which indicates a large magnetoelastic coupling.
coupling by measuring the effect of magnetic field, H , on the
low-temperature specific heat, C(T,H). The motivation of
these measurements is that this coupling is expected to alter
the phonon frequencies and thus the lattice contribution to the
specific heat. This qualitative picture is confirmed by Fig. 4,
where we report the field dependence of C(T,H) measured
on the same batch of LMO powder samples at constant tem-
perature in field-cooling mode. Note a dramatic reduction of
C with field, the relative reduction at 2 K being as large as
40 % for a 9 T field. This reduction progressively decreases
with increasing temperature below 20 K. This is due to the fact
that the contribution of the AFM transition TN,A′=21 K to the
specific heat dominates over the magnetoelastic contribution.
We explain the above results by Callen and Callen’s theory
[14] of magnetoelastic coupling developed for cubic crystals,
suitable for the present pseudocubic LMO system. The theory
describes the magnetoelastic (ME) energy as an expansion of
orthogonal modes for the strain field:
HME = −
∑
µ
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FIG. 2. Top panel: Pyrocurrent, Ip, curves measured on sample
nr. 2 at a heating rate of 2 K/min for a poling field Ep = ±10 kV
cm−1. Note the Ip, peak located near the antiferromagnetic ordering
temperature, TN,B=78 K. Bottom panel: evolution of the peak with
heating rate. The arrow indicates the shift of peak position. The inset
shows the 0.2 mm thick disk made of LMO sintered powders covered
by a Au layer for metallization.
where Bµj,l(T ) are temperature-dependent magnetoelastic
coefficients, j numbers the modes of a given irreducible rep-
resentation Γµ (IR) of the strain coordinates ε
µ,j
i , i numbers
the dimensions of the given IR, Kµ,li are tensor cubic operators
(TKOs) of degree l forming an orthogonal basis. The Hamil-
tonian contains only even-degree TKOs, since the Hamilto-
nian is time-invariant. At low temperatures, the theory pre-
dicts that the Bµj,l(T ) coefficients scale with the magnetiza-
tion of the sublattice, consistent with the l(l+1)/2 power law
originally established by Kittel and van Vleck [15]:
Bµj,l(T )
B¯µj,l(0)
=
[
M(T )
M(0)
]l(l+1)/2
(2)
By knowing the elastic constants of the compound, the
above expressions (1-3) enable to calculate all thermodynamic
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FIG. 3. Top panel: temperature dependence of the magnetic sus-
ceptibility for a representative LMO single crystal measured at a 100
Oe field. Vertical broken lines indicate the two AFM ordering tem-
peratures, TN,A′ and TN,B of the Mn3+ ions in the A′- and B-sites,
respectively. Bottom panel: remnant polarization, P , of samples nr.
1 for different poling fields of 12, 24, 36 kV cm−1 and for a heat-
ing rate of 0.4 K/min. The curves are obtained by integrating the
pyrocurrent curves. Inset: dependence of P upon poling field. A fit
of the experimental points by using a Langevin function (solid line)
yields a saturation value P = 0.56 µC cm−2.
quantities like the specific heat of interest in the present work.
Since these constants are not available for LMO, we limit our-
selves to analyze the power-law behavior of the C(H) curve
expected from the above theory. To do so, we consider the
external strain caused by an external magnetic field, H , which
corresponds to the j = 0 strain coordinates for a given IR.
The leading contribution is given by the lowest-order (l=2)
mode present in the quadrupolar (Eg) Γγ IR, which is ex-
pected to give a characteristic ∼ M(T )3 dependence [14].
Since the free energy depends quadratically on the ME coeffi-
cients, the corresponding ME contribution to the specific heat
is described by a sum of two power-laws:
CME
T
∼ −∂
2
(
B¯γ0,2
)2
∂T 2
∼
[
M5
∂2M
∂T 2
+M4
(
∂M
∂T
)2]
(3)
The above expression indicates that, at a given temperature,
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FIG. 4. Main panel: field dependence of the constant-pressure spe-
cific heat C(T,H) at various temperatures. Note the large suppres-
sion of C at low temperatures, where the difference between C and
the constant-volume specific heat can be neglected. Inset: tempera-
ture dependence of C at different fields. Note the jumps at the two
AFM ordering temperatures, TN,A′ and TN,B of the Mn3+ ions in
the A′- and B-sites, respectively, smeared by the field.
the ME contributionCME grows very rapidly withM accord-
ing to a power law of index either 5 or 6, depending on the pre-
cise temperature dependent of the magnetization curveM(T ).
We apply these considerations to LMO, where magnetiza-
tion measurements as a function of field show a characteristic
kink-like dependence above a threshold field H∗ ≈ 1 T (see
top panel of Fig. 4 and [11]). At 5 K, the kink corresponds to
a magnetization value of about 55 emu/g. At higher field, the
magnetization increases linearly with field with no sign of sat-
uration. This dependence is characteristic of a canted AFM,
consistent with the canted AFM C-type structure of the Mn3+
B sites, as reported previously [11]. Specifically, above H∗,
the canted component of the magnetization is parallel to the
field and the response becomes AFM-like. The above M(H)
dependence enables us to plot the specific heat C(H) as a
function of M shown in the bottom panel of Fig. 5.
Note the threshold behavior at a M value of 55 emu/g,
which coincides exactly with the kink of the magnetization
curve of the top panel, followed by a very rapid decrease of
the specific heat, consistent with the above prediction of high-
order polynomial dependence. This behavior clearly indicates
that the AFM-like magnetic response drives the reduction of
the specific heat with field. A quantitative analysis of this
dependence requires a measurement of the elastic constants,
which goes beyond the scope of the present work.
The observation of ferroelectric polarization induced by a
canted AFM structure and the evidence of a large magneto-
electric coupling in LMO raise a number of questions.
(i) Considering that the AFM structure consists in the or-
dering of the B-site Mn3+ ions and that this ordering is con-
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FIG. 5. Top panel: field dependence of the magnetization, M , of a
representative LMO single crystal measured at constant temperature
in the 5-300 K range. Bottom: specific heat measured at 5 K by
varying field H as a function of M . The curve is obtained by using
the M vs H curve of the top panel.
comitant to a large magnetoelastic response of the monoclinic
β angle, the ferroelectric polarization should lie along the ac-
diagonal. In the ac-plane, the magnetic structure displays
AFM coupled collinear moments, suggesting that the macro-
scopic mechanism of spin-driven ferroelectricity is the sym-
metric exchange coupling, consistent with the large polariza-
tion observed. A contribution of the antisymmetric exchange
(or inverse Dzyaloshinskii-Moriya) coupling, which typically
leads to much smaller polarizations, should also be present be-
cause the ordering of the B-site Mn3+ ions display a sizable
canting along the b-axis direction [11].
(ii) The comparatively simple AFM structures of both A′-
and B-ions offer ideal conditions to explain theoretically why
only the latter structure induces ferroelectricity.
(iii) The existence of a large polarization below TN,B im-
plies a sizable noncentrosymmetric structural distortion below
this temperature. It is known that it is experimentally difficult
to detect these distortions by means of ordinary diffraction
5experiments and second-harmonic generation (SHG) exper-
iments would be a more direct probe. In the present case,
the SHG technique is not suitable, for LMO is a narrow-gap
semiconductor with ∆=60 meV, as indicated by resistivity
measurements [11]. A recent x-ray diffraction and optical
conductivity study on single crystals [16] indicates that the
centrosymmetric I2/m symmetry describes well the crystal
structure in both, para- and ferro-electric phases above and
below TN,B . This conclusion is consistent with previous re-
ports on the missing observation of noncentrosymmetric dis-
tortions in magnetic ferroelectrics. Specifically, only minute
fm-size modulations of atomic displacements have been de-
tected in the simple perovskite TbMnO3 by means of reso-
nant magnetic x-ray scattering [17]. This discrepancy raises
the question of the possibility of formation of polar domains
not detected by diffraction or spectroscopic methods.
(iv) The very large polarizations found in CMO and LMO
suggest that manganese oxides with quadruple perovskite
structure, (AMn3)Mn4O12, where A is a di- or three-valent
cation, are particularly favorable for hosting magnetic ferro-
electricity. Further studies should take into account the pecu-
liar features of quadruple perovskites not found in simple per-
ovskites that may be associated with the above enhancement
of magnetic ferroelectricity [18]. 1) In all (AMn3)Mn4O12
compounds hitherto reported, no indication of oxygen defects
has been found, which is attributed to the fact that oxygen va-
cancies would destabilize the bonding of the low-coordination
number of the A′ sites. 2) In quadruple perovskites, the sym-
metry of the oxygen sites is higher than that of distorted sim-
ple perovskites, which limits strain-induced lattice distortions
of the oxygen sublattice. As a result, the ability of the oxy-
gen atoms to screen the electric dipole moment formed by
the distortion of the Mn sublattice is reduced. An extensive
low-temperature structural study of the ferroelectric phase of
(LaMn3)Mn4O12 is required to verify this scenario.
In conclusion, we have reported on ferroelectricity with a
record value of remnant polarization, P=0.56 µC cm−2 in the
quadruple perovskite compound (LaMn3)Mn4O12, concomi-
tant to a canted C-type AFM ordering of the B-site Mn3+
ions at TN,B=78 K. This observation is accompanied by the
evidence of a sizable magnetostriction of the unit cell and of a
very large magnetoelastic coupling probed by field-dependent
specific-heat measurements. This result is striking in two as-
pects. (i) Considering that the above polarizations, twice as
large as that found in (CaMn3)Mn4O12 single crystals, have
been obtained on polycrystaline samples, 6-10 times larger
values are expected in high-quality single crystalline film or
bulk samples [13]. This would correspond to extremely large
values, ∼ 3 − 6 µC cm−2, comparable to those obtained in
proper ferroelectrics, are expected, which would open the av-
enue towards multiferroic applications. (ii) If the above pic-
ture of polarization in the ac-plane will be confirmed, the
collinear properties of the AFM order in the ac-plane driv-
ing the ferroelectricity in (LaMn3)Mn4O12 would rule out the
scenario of inverse Dzyaloshinskii-Moriya effect and support
the mechanism of direct exchange coupling between neigh-
boring Mn3+ ions. This result provides clear hints for the op-
timization of the properties of magnetic ferrolectrics and we
envisage that even better multiferroic performances may be
obtained in other quadruple perovskite compounds.
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